As a consequence of QCD factorization theorems, a wide variety inclusive and exclusive cross sections may be formulated in terms of a universal colour dipole cross section at small-x. It is well known that for small transverse-size dipoles this cross section is related to the leading-log gluon density. Using the measured pion-proton cross section as a guide, we suggest a reasonable extrapolation of the dipole cross section to the large transverse-size region. We point out that the observed magnitude and small-x rise of the gluon density from conventional fits implies that unitarity corrections are required in, or close to, the HERA kinematic region, even for small 'perturbative' dipoles. This means that the usual perturbative leading twist description, for moderate virtualities, 1 < Q 2 < 10 GeV 2 , has rather large 'higher-twist' corrections at small x. In addition, for these virtualities, we also find sizeable contributions from large non-perturbative dipoles (b ∼ > 0.4 fm) to F 2 , and also to F L . This also leads to deviations from the standard leading-twist DGLAP results, at small-x and moderate Q 2 .
Introduction
In the proton rest frame, at small enough x = Q 2 /W 2 and Q 2 ≫ m 2 p , Deep Inelastic Scattering of a virtual photon from a proton may be viewed as being factorized into a three stage process: the formation of a state which, in general is build of quark, antiquark and gluons from the virtual photon, the scattering of this state off the static proton and the subsequent formation of the hadronic final state. In QCD, the different quark-antiquark-gluon configurations in the photon clearly have different interaction strengths with a target. For states of very small transverse spatial size, b 2 , the dominant scattering state is a quark-antiquark colour dipole state, which has a small scattering probability which may be calculated in perturbative QCD. In this very simple case the transverse spatial size corresponds to the transverse radius of the dipole.
States of larger transverse size will in general have much larger cross section and contain many constituents. With increase of the size of quark-gluon configuration the number of degrees of freedom in the photon wavefunction is also increasing (becoming very large in the non-perturbative QCD regime as a consequence of spontaneously broken chiral symmetry in QCD). Nevertheless, the transverse size of the scattering state seems to be an appropriate parameter for the smooth matching between cross sections in the soft and hard regimes. In DIS, within the kinematics of HERA, the interaction is typically dominated by scattering at central impact parameters, ρ: σ(ρ 2 ) ∝ exp(−ρ 2 /B), where B ≈ 6 − 7 GeV −2 is the measured slope of t-dependence of diffractive processes in DIS. Thus, very approximately in DIS, ρ ≈ √ B ∼ 0.5 fm. However, it is well known from the analysis of partial waves for the elastic pp collisions at for √ s ≥ 50 GeV that non-perturbative interactions at central impact parameters are close to the black regime. At the same time, the cross section within this black interaction regime is characterized by the transverse size of the configuration, b 2 , but not by the number of constituents. The advantage of the black regime is in the possibility to make a completely legitimate evaluation of structure functions of a proton, since in this limit all configurations interact with the same cross-section. The distinctive feature of DIS is that the scattering at central impact parameters dominates and peripheral scattering, where the interaction, being far from black, is a correction. In contrast, in hadronhadron collisions peripheral interactions an play important, and perhaps dominant, role.
In the black limit approximation, Gribov [1] found:
Here r N is the radius of a proton, ρ(m 2 ) = σ(e + e − → hadrons)/σ(e + e − → µ + µ − ), is the normalized spectrum of produced hadronic masses. The theta function imposes the experimentally-observed sharp diffractive peak:
r 2 N 3 < 1. The implied upper limit on the m 2 -integral leads to a generic logarithmic energy dependence. A similar formulae has been obtained for F L [1] and for gluon distribution [2] . It is reasonable to ask if, and if so at which x, this black limit will be reached in DIS. We aim to address this question in a phenomenological fashion in this paper and to generalize Gribov's approach to QCD. For convenience we will continue to refer to b 2 as the dipole size, but it should be understood to refer to the transverse size of the scattering system for large systems.
This subject has a rich and long history. For the scattering of a hadron from a nuclear target many configurations contribute and it is convenient to characterize the interaction by a distribution, P (σ), of scattering probabilities, σ, of its constituent states instead of average value of σ (this useful realization pre-dates QCD, see [3] ). The qualitative idea of the calculation of P (σ), without mentioning P (σ) explicitly, in terms of quark-gluon wave function of a hadron and cross section due to two gluon exchange was suggested within a bag model for a proton by Low and Nussinov [4] . Miettenen and Pumplin [5] later suggested that scattering eigenstates should be identified with partonic configurations in the scattering systems, implying that the scattering cross sections of particular states should be related to parton densities in the opposing hadrons. In the modern context, for DIS at small x and for small b 2 , σ ∝ b 2 α s xg(x, b 2 ) and P (σ) follows unambiguously from the QCD factorization theorem for hard processes [6] . For large b 2 , our approach is in many respects similar to the Aligned Jet Model of [7] or QCD-improved Aligned Jet Model of [8] where cross section of small-x processes in non-perturbative regime is expressed in terms of universal dipole cross section at small x, which is matched to the soft meson-nucleon cross section (the similarity holds despite the difference in the source ofpairs).
The interaction of the quark-antiquark dipole of small spatial size b 2 at small-x is with the (mainly gluonic) colour field associated with the bound state. The fact that such a dipole cross section must appear in a wide variety of small-x inclusive, exclusive (e.g heavy vector meson production, DVCS, etc) and diffractive processes is a consequence of the feasibility of separating scales in QCD [6] , and may be formulated in terms of a universal dipole cross section at small x. So far, general, relatively ad hoc, ansätze have been ascribed to this quantity [9, 10] and the phenomenological parameters specified by successful fits to structure function data.
In this paper we exploit the QCD relationship between the dipole cross section (DCS) and the gluon density in the proton, for small dipoles, to build an anzatz, using leading-order gluons from the global fits, for the DCS in the large b 2 region. In the 'dipole' formulation, the small-x structure functions, F b L , F b 2 are given by convolutions in b 2 of the square of the lightcone wavefunction of the virtual photons, of the appropriate polarization state, with the DCS. In order to specify the momentum scale of the gluon density, we demand that, for large Q 2 , F b L reproduces approximately the same result as the standard leading-log pQCD formula. This may be used to specify the relationship between four-momentum scales and transverse dipole sizes. Having done this we note that the small-x rise of the structure function observed at HERA, which may be translated into a large and steeply-rising gluon at small x, quickly (after only a few gluon radiations in the ladder) leads to a contradiction with unitarity because the DCS becomes of the same size as typical hadronic cross sections. The use of the optical theorem for the scattering of small size wave packages off a hadron target makes it possible to deduce a limit (which is an analog of the Froissart limit for hadron-hadron scattering) for the amplitude in DIS and to calculate the boundary for the applicability of perturbative QCD in small-x region [11] . It was found that for x ≈ 10 −4 , the boundary is Q 2 ∼ < 10 GeV 2 . This estimate suggests a large contribution from higher twist effects in the kinematics of HERA for x ∼ < 10 −3 . To illustrate the point we build a smooth ansatz for the DCS as a function of x, monotonically increasing with dipole size and use pion-proton as an absolute upper bound to constrain it in the large dipole region around b = 0.65 fm. To avoid violating this bound it is necessary to tame the small-x growth of the perturbative DCS. For small enough x, this taming appears to be required within the weak coupling limit and hence may be related to the four-gluon to two-gluon calculations of Bartels and collaborators (for a discussion of perturbative higher twist effects in QCD, recent developments and references see [12] ).
In addition, we also produce values for F 2 using our ansatz and find reasonable agreement with the HERA data at small-x with unitarity corrections included. Having formulated the structure functions in transverse space and specified the form of the DCS, it is straightforward to calculate how much the non-perturbative region of large b contributes to the structure function. Since F 2 is mainly governed by the transversely polarized photon, the spin structure of the γ * Tvertex leads to a considerably broader integral in b than in longitudinal case. We find that for relatively large Q 2 = 4 − 10 GeV 2 a surprisingly large contribution to the integral (as much as 50%) is coming from this 'dangerous' large-b region. Whilst much of this non-perturbative piece is attributable to the input distributions in F 2 , the fact that it is also present in F L could indicate a sizeable 'higher twist' contribution for these virtualities coming from the non-perturbative region. This presents a severe challenge to the use of low, and x-independent, input scales in the conventional parton density fits (e.g., the recent MRST analysis [13] uses input scale Q 0 = 1.0 GeV). This observation is in line with Feynman's criteria [14] of applicability of impulse approximation within the parton model:
Here x i is the fraction of proton momentum carried by active parton i.
In this paper we make some specific, reasonable choices concerning some of the uncertainties involved in specifying the DCS. These choices are necessary in order to make quantitative statements. However, we have also analyzed the precise form of the DCS in detail numerically and investigated the sensitivity of our results to different choices. This analysis will be presented in a separate paper [15] . However, at this point we merely state that the qualitative statements that we make about unitarity and the influence of large dipoles in F 2 at small x are robust with respect to changes in the details.
2 Basic Formulae and a toy ansatz for the DCS
In this section we examine the cross section σ L (x, Q 2 ) in b-space using a very simple toy model for the extrapolation of the DCS to large b. Our aim is to familiarize the reader with the b-space formulation of structure functions.
For clarity of presentation we employ a very simple and unphysical ansatz for the DCS at large b. We will improve on this toy ansatz in the next section.
In b-space the longitudinal Structure Function may be written [16] in terms of the DCS convoluted with the light cone wavefunction of the virtual photon squared:
where
For small dipoles, the DCS is governed by perturbative QCD [17] (for an explicit derivation see the last paper of [17] ):
where we employ the phenomenological scaling ansatzQ 2 = λ/b 2 (it is possible to prove that this ansatz is a property of the Fourier transform in the LO and NLO approximations but not beyond). We also implicitly assume that the DCS is independent of light-cone momentum-sharing variable z. This is a good approximation for the longitudinal case because the average z ∼ 1/2 dominate in the integral and due to the z → 1 − z symmetry of the wave function. For the transverse case the end points give a larger contribution and hence this assumption is more rough. The relationship of eqs. (3, 4) holds to leading-log accuracy in Q 2 (so, for consistency one is forced to use only LO partons and α s at one loop) and involves taking the imaginary part of the usual box and crossed box graphs. As such this form corresponds only to the dominant inelastic piece of the DCS. We immediately see a practical problem using eq.(4) in the b−integral of eq.(2). There are always regions in the integral, at large b, where the gluon density is not defined and we need to decide what to do. In particular, for fixed λ, the gluon density is not defined for b 2 > b 2 Q0 = λ/Q 2 0 . In the usual treatment this contribution is absorbed into the initial condition of the evolution equations.
To get started we fix λ = 10 and simply freeze α s (Q 2 )xg(x,Q 2 ) at its value at Q 2 0 for b 2 > b 2 Q0 in eq.(4) (we refer to this as ansatz 1). This means that the DCS retains the canonical b 2 -behaviour at large b in eq. (4), and its derivative is discontinuous at b = b Q0 . We may now examine the dominant regions of the b-integral in eq. (2):
where,
in which I γ,L is the integral of |ψ L (z, b)| 2 over z. Fig.(2) shows I γ,L as a function of b for fixed values of Q 2 , it diverges at small values of b due to the logarithmic divergence of the K 0 Bessel function at small values of its argument. (4) shows that for Q 2 = 40 GeV 2 (typical effective scale for Υ photo-production [19] ) this region is completely irrelevant. This is due to the fact that the photon piece of the integrand I γ,L , multiplying the DCS, strongly weights the integrand to progressively smaller b as Q 2 increases (see fig.(2) ).
As an example, let us focus on the case when Q 2 = 40 GeV 2 and x = 10 −3 . The b-integrand exhibits a strong, slightly asymmetric peak around small b = b peak ≈ 0.08 fm, which is slightly skewed to larger b. The relationshipQ 2 = λ/b 2 , with λ = 10, implies Q 2 peak ≈ 60 GeV 2 , and that the typical b = b typ ≈ 0.1 fm corresponds to Q 2 typ = 40 GeV 2 . Clearly, for b < b typ the effective scale will be larger than Q 2 . The fact that there is very little contribution from the large b-region, for large Q 2 , illustrates QCD factorization in b-space: the sharply peaked photon piece of the integrand ensures that only small dipoles contribute significantly in the integral.
We will refer to the Structure Function
It is related to the defined cross section in the following simple way:
where we have chosen to write the dependence on λ explicitly. Why have we chosen λ = 10 ? Lambda should reflect the typical size of contributing dipoles. It may be calculated by defining an average b in the integrand for F L (in [11, 19] a median-average of the integral was used). Whatever the precise procedure used for defining the average, a value of λ ≈ 10 comes out for large enough photon-virtuality Q 2 . Roughly speaking λ =< b > 2 Q 2 , so that when b =< b > the gluon and α s are sampled at Q 2 in eq.(4) as in the usual leading-log in Q 2 perturbative QCD formula for F L (see eq.(8) later).
mrs (r2) mrstlo cteq4m L has a rather weak dependence on λ for large Q 2 , this fact reflects the renormalization group invariance of QCD. We illustrate this in fig.(5) by plotting α s xg as a function of its argument at fixed x = 10 −3 for several LO and NLO parton sets [13, 18] . A similar behaviour is observed at other small values of x < 10 −2 .
For largeQ 2 it is rather a weak function, and our λ-ansatz translates this into a weak dependence on b. This is turn implies the canonicalσ pqcd ∝ b 2 α s (λ 2 /b 2 ) xg(x, b 2 ) ≈ b 2 holds approximately for small dipoles. For x ∼ < 10 −3 , α s xg has positive scaling violations implying an effective behaviour slightly softer than b 2 from QCD at sufficiently small x (the effectiveQ 2 -power, fig.(4) implies that α s xg is sampled dominantly only in a small section along the curves in fig.(5) . For small dipoles a reasonable change in λ corresponds to a shift of this dominant region within the fairly flat part of the curve. Hence, for large Q 2 , F L is fairly insensitive to the precise choice of λ.
However, for smaller scales α s xg has a much stronger dependence onQ 2 which tames this linear dependence in something much softer. This fact is apparent in the shape of the curves in Fig.(1) , for dipole sizes corresponding the region of Q 2 0 <Q 2 ≤ 10 GeV 2 ,σ pqcd deviates considerably from the b 2 behaviour apparent for small (b ≪ b Q0 ) and large (b > b Q0 ) dipoles in our toy ansatz. In [15] , we investigate this question of interrelation of these scales in more detail.
A realistic ansatz for the DCS
At small-x, because the gluon density dominates over the quark density, to a good approximation the LO perturbative QCD formula for F L (x, Q 2 ) which we denote generically as F q L is:
This conventional expression for F L (x, Q 2 ) involves an integral over the gluon momentum fraction x ′ which feeds into the quark box. In fig. (6) we plot the integrand of the above formula versus x ′ /x, at x = 10 −3 , for various Q 2 values. The gluon is sampled at a range of values of x ′ > x with the integrand, I q L (x ′ /x), peaked around x ′ peak ≈ 1.3x, and skewed to x ′ > x peak due to factor multipling the rising gluon density. We define an average, < x >, to be that x ′ up to which one must integrate to obtain half of the full integral: it turns out this is always around x ′ =< x >≈ 1.75 x for a wide range of external x, Q 2 .
With this in mind, for our new ansatz we choose to sample the gluon in eq.(4) at
This choice guarantees that for the average-b, x ′ =< x >, but allows x ′ (b 2 ) to vary according to the inverse of the size of the dipoles. This may be motivated by the fact that (
qq the mass of the quark-antiquark pair in the final state, and P, m q the proton momentum and the quark mass respectively. Kinematically, a large mass dipole requires a gluon carrying a greater than average momentum fraction to produce it and the ansatz of eq. (9) is designed to reflect this. For very large dipoles M 2≪ Q 2 , and the formula gives x ′ ≈ x. ′ /x for various Q 2 using CTEQ4L gluons.
We also have a constraint on the DCS at large-b from the experimental determination of the Pion-Proton cross section,σ π,N = 23.78 mb [20] . The DCS should be close to this at transverse separations which correspond to the radius of the pion (r π ≈ 0.65 fm). For rather large x ≈ 10 −2 the magnitude of the DCS at the interface to the non-perturbative region is considerably smaller (σ pqcd (x = 10 −2 , b 2 Q0 ) ≈ 6 mb) than this. The intermediate region b Q0 < b < b π is extremely interesting and very poorly understood, so some modeling is required. It is in this region that strong confinement and effects of spontaneously broken chiral symmetry set in to produce the bound state pion. Clearly the dynamics in this region will include strong colour fields and the creation of light sea pairs from the vacuum. As such, it is no longer reasonable to think of b as corresponding to the transverse size of a dipole. It is better to think of it as corresponding to the typical transverse radius of the complicated non-perturbative system, which in general will contain many constituents.
The minimum requirement of a interpolating function,σ I for the DCS is that it matches appropriately at b = b Q0 and b = b π :
with H(b 2 Q0 ) = 0 and H(b 2 π ) = 1. On geometrical grounds, we also choose to only consider functions which are monotonically increasing as a function of b. A very simple function which satisfies these requirements is
which has a linear growth in b 2 , even for b ≈ b π . To impose a flatter behaviour in this region and a fairly smooth matching close to b ≈ b Q0 we choose the following exponential matching
which retains the linear growth close to b Q0 . The pion-proton cross sections is observed to rise slowly as the energy increases. In order to take this into account we impose a slow growth with increasing energy, consistent with a Donnachie-Landshoff soft Pomeron [21] , in our boundary condition at b = b π :
and choose x 0 = 0.01. This behaviour in x is designed to mimic the observed (W 2 /W 2 0 ) 0.08 behaviour in energy. The precise value of 23.78 mb is taken from the old Fermilab data [20] from Pion-Proton scattering and corresponds to W 2 0 = 200 GeV 2 . As x is decreased the magnitude of the DCS for small b 2 increases much more rapidly with energy than this soft piece, as a result of the steeply rising gluon density. For leading-log gluons at small enough x, if unchecked, it can even become greater than σ π,N (b π , x) for perturbative b < b Q0 . This is clearly nonsensical, some taming of this rapid growth must occur before this can happen. Since the gluon density form really represents only the imaginary or inelastic part of the dipole cross section, as it becomes comparable to σ π,N we need to include the elastic or real part of the DCS too, which hitherto was implicitly assumed to be negligible. In the limit of very large energy the Froissart bound indicates that the elastic piece should equal to the inelastic piece. On this basis we really should worry about the applicability of our perturbative QCD formula when the DCS is about 50% of the pion-proton cross section. The absolute upper bound for for the inelastic small dipole-nucleon interaction is
where B 2g ∼ 4 − 5 GeV −2 is the two-gluon form factor of the nucleon, and η is the ratio of real and imaginary parts of the scattering amplitude [11, 2] which is slightly weaker than the transition point which we assume, but pushing all the way to the absolute limit appears unrealistic.
In our computer code we testσ pqcd (x, b 2 ) to see if the equality is reached in the perturbative region b = b crit < b Q0 , where b crit is defined implicitly byσ
with Q 2 crit = λ/b 2 crit and x ′ is given by eq. (9) . If so, we use a new interpolation in the region b crit < b < b π :
Matching at b = b π sets the value of
The two remaining parameters, a, n, are chosen to provide a fairly smooth matching at b = b crit . We perform a three-parameter fit of exactly the same form as eq. (15) for a given x in the region just below b crit , using MINUIT [22] . We then take the effective power, n f it , from this fit, so that the interpolating ansatz of eq. (15) has approximately the correct power in b 2 at the boundary. The last remaining free parameter, the scale a, is then specified by the matching at b = b crit :
This ensures a fairly smooth behaviour in b 2 which takes into account the effective behaviour of α s (Q 2 )xg(x,Q 2 ) close to b crit as discussed earlier (see fig.(5) ). For the very large dipole sizes, b > b π , we simply impose a universal residual slow growth, linked to the value at b = b π of the form
Numerically this very large b region is totally irrelevant for the calculation of Structure Functions since this region is killed by the exponential fall-off of the photon part of the integrand due to the K 0 , K 1 Bessel functions. Let us briefly summarize our realistic ansatz. Assuming the universal scaling relation λ = b 2Q2 , restricts the region of applicability of any perturbative QCD dipole formula to dipoles of radius smaller than b Q0 , which corresponds to the input scale of parton densities in b-space. For small, but not too small x, we use the perturbative QCD formula of eq.(4) with the gluon sampled at x ′ (see eq. (9)) in the region 0 < b < b Q0 . Between b Q0 ≈ 0.4 fm and b π = 0.65 fm. we use the interpolating formula of eq.(10), employing the exponential matching of eq. (12) . For smaller x, we recognize thatσ pqcd gets too large within the perturbative region b < b Q0 at some point, b crit , defined by eq. (14) . At this point, we switch from the standard form and use the interpolating form of eqs. (15, 16, 17) , which tames the rapid growth and interpolates in the region b crit < b < b π .
In both cases, our ansatz matches onto the pion-proton cross section of eq. (13), at b = b π = 0.65 fm, which is allowed a slow Donnachie-Landshoff type energy growth. For b > b π we use the slow increase given in eq.(18). In Fig.(7) we show our new ansatz for the DCS as a function of x.
To demonstrate that our analysis is rather general and almost model independent it is useful to rewrite the equations of the dipole model to take into account the blackness of interaction at large b 2 , i.e. to evaluate unitarity limit of cross section:
Here b 2 0 is determined from the condition that σ(z, x, b 2 ) achieves black body limit: σ(z, x, b 2 0 ) = πr 2 N . Applicability of this formulae does not require knowledge of the wavefunction of a photon in the large b 2 region. This formulae is a generalization Gribov formulae to QCD where, at any x, there exist configurations whose interaction is far from the black limit. The model dependence in the above equation is in the modeling of onset of black limit for σ(z, x, b 2 ) from the perturbative QCD side. Matching with DonnachieLandshoff soft-Pomeron parameterization [21] of the cross section it is possible to include the increase with energy coming from the contribution of peripheral interactions to the cross section.
Comparison with other models for the DCS Such a unitarity correction at small-x is clearly beyond the usual DGLAP leading-twist analysis and is similar in spirit to the saturating ansatz of Wüsthoff and Golec-Biernat [9] :
A three-parameter fit to the HERA data on DIS with x < 0.01, excluding charm and assuming Q 0 = 1.0 GeV, produced the following values σ 0 = 23.03 mb, x 0 = 0.0003, λ = 0.288 and a reasonable χ 2 . The resultant DCS is plotted in Fig.(8) . Our ansatz shares some of its gross features: an approximate b 2 behaviour and strong rise with x at small b, tamed to something much softer at large b. Indeed, the critical point at which we apply our unitarity corrections, b crit , clearly shifts to smaller b as x decreases, as a result of the rising gluon. This is similar to the critical line of [9] . The form of eq. (20) was clearly chosen with simplicity in mind and is indeed impressively economical in its number of parameters. We recognize this motivation and so do not wish to criticize it too strongly. However, we feel this simple form misses several known crucial features which our ansatz includes. Firstly, the small dipole form is known from perturbative QCD (having specified the relationship between b and Q 2 , see eq. (4)). The fact that the gluons may be taken from the global fits allows a careful study of the deviation from a simple b 2 behaviour inherent in eq. (20) . Using the fitted gluon density also allows the precise behaviour in x to be incorporated more correctly than a single global power implied by eq. (20) . Secondly, it is well established experimentally that soft dipole cross section increase slowly with energy, this may be modeled with a small power as in eq. (13) or with a logarithm according to theoretical prejudice. However, eq.(20) has a flat behaviour in energy for large dipoles. Thirdly, as discussed above, the region where unitarity has to be included is known from requirement of smallness of elastic cross section as compared to the total cross section.
Forshaw, Kerley and Shaw [10] suppose a general, rather ad hoc, ansatz for the DCS, which they stress is modeled as a function of b 2 and W 2 (rather than x), with a soft Pomeron and a hard Pomeron piece:
where P s (b) and P h (b) are polynomials in b. They successfully fit this general form to the data. From the point of view of very large dipoles (of the order of a meson size) one may think that the DCS should be a function of W 2 rather than x = Q 2 /W 2 , since it should just depend on the energy of the collision (here there is no hard scale with which to specify an 'x'). However the presence of a finite x imposes off-forward, or skewed, kinematics which cannot be ignored even in the limit of soft interactions. One can see this for example in the Aligned Jet Model where the propagator for a transition from negative mass-squared (−Q 2 ) to positive mass-squared of thepair is present for DIS. Hence, in order to achieve the observed approximate Bjorken scaling of F 2 it was necessary to model the DCS as a function of b 2 W 2 rather than W 2 alone, in eq. (21) . It is interesting to note that with our ansatz for the relationship between small dipole sizes and hard four-momentum scales, this reduces to an x ′ -dependence for small dipoles (b 2 W 2 ) n → (λW 2 /Q 2 ) n ∝ x −n . For small dipoles, in our approach, there is an identifiable set of diagrams which contain the fusion of a gluon with the virtual photon, hence the DCS can and must depend on the momentum fraction x ′ of the incoming gluon. How, and whether, this x dependence becomes a W 2 dependence for large dipoles, and whether it is possible to define the DCS as a unique function over the whole range in b, are interesting and open questions which deserve further consideration. We also note that the DCS which results from the fit of eq. (21), has the rather unattractive feature at large (fixed) energies that it is not a monotonically increasing function of b, it contains a minimum in the region b ≈ 0.6 fm for s = 10 5 GeV 2 (see fig.(6,7) of [10] ). By design, our ansatz specifically avoids this, for fixed x. 
Testing our ansatz: Comparison with Structure Functions
In section 2, we argued that for very large Q 2 the integrand in σ L is strongly peaked in the perturbative region with very little influence from non-perturbative effects in the large-b region. If this is really the case, and our ansatz is reasonable, we should be able to reproduce values for the Structure Function F L (x, Q 2 ) which are in close agreement with the standard leading-log perturbative QCD formula of eq.(8). As Q 2 decreases towards the input scale Q 2 0 we might expect the two formula to deviate since the large b region is implicitly excluded from the leading-twist perturbative QCD formula. For consistency we use the same parton set in each and to avoid the complexities of treating massive charm in this theoretical cross check and we run with only three light flavours of quarks. Table. (1) reveals the excellent agreement of the b-space formula with perturbative QCD at large Q 2 and also displays the deviation of the two formula for low Q 2 (at least for CTEQ4L partons). Also shown, in the last column is the percentage, R L (%), of the b-integral coming from the non-perturbative region above b > b Q0 . As expected this decreases with increasing Q 2 . The fact that it is lower, at fixed Q 2 for MRSTLO reflects the fact that the input scale is lower for MRSTLO (Q 2 0 = 1.0 GeV 2 ) than for CTEQ4L (Q 2 0 = 2.56 GeV 2 ) partons. Having found reasonable agreement with this theoretical cross check of our ansatz for the DCS, we proceed to calculate its predictions for F 2 (x, Q 2 ), which we denote, F b 2 . In order to calculate this we need to know the wavefunction squared for transverse photons:
We use m q = 0, for u, d, s and m c = 1.5 GeV.
We are interested in how this function, integrated over z, weights the dipole cross section in
where I T (b) = 2πbσ I γ,T and fig.(9) ). As a result, in the perturbative region the transverse cross section, which dominates F 2 , is particularly sensitive to the the effective behaviour of α s xg in b. In contrast, in the longitudinal case K 0 (a) ∝ − ln(a) at small a, leaving almost the full power of Q 2 evident in eq. (3), and effects the approximate b 2 -behaviour ofσ very little.
In order to make a comparison of the relative weight that the transverse photon gives to the DCS, it is useful to consider the ratio of the two integrands. The upper curve in fig.(11) shows the ratio of I γ,L and I γ,T and the lower curve its inverse. The plots clearly show that the transverse photon provides support over a much broader range in b, i.e. both at smaller and larger b than the longitudinal photon. This is especially true at high Q 2 and leads to a very broad peaked integrand I T . The peak correspond approximately to Q 2 and smaller dipoles b < b peak strictly speaking lie outside of the usual leading-log approximation (which result from logarithmic integrations in the perturbative QCD ladder in k t up to Q 2 ; the variable b is conjugate to the k t in the upper quark-loop of the ladder in this formulation). The fact that the transverse photon wavefunction squared is so broad in b-space reflects Gribov's paradox (or Bjorken's aligned jet model). It is probable that the large dipoles are being produced by asymmetric splittings (z ≪ 1). While such splittings are unlikely, the large dipoles they produce interact with a large hadronic cross section. The detailed link between large dipoles and asymmetric splittings, and the possibility of a z-dependence in σ, requires further study.
To calculate F
we use
with σ T defined precisely analogously to σ L . When we treat the charm component of F L we need to replace the argument of the K 0 Bessel function in eq. (3) with ǫb. We also attempt to include threshold effects, albeit in a rather crude way, by imposing that the momentum fraction of the gluon must be sufficient to generate the charm quark pair, using a theta function
. This procedure leads to approximately the correct ratio of charm in F 2 .
In figs.(12,13) we compare our results (solid curves) with the HERA data. Our physical ansatz is in reasonable agreement with the data at small-x for moderate values of Q 2 . Recall that no fitting procedure has been applied. For comparison we also show the results for a particularly simple ansatz at small x for which no unitarity corrections have been applied to the DCS. These are shown by the dotted curves. We simply use the formula of eqs. (4, 9) forσ pqcd up to b Q0 and freeze it at this value for b > b Q0 . The two sets of curves deviate for low values of external Q 2 because they are different in the large-b region. The curves show that for a narrow x-range changing the behaviour at large distances can mask unitarity effects. Hence a study of the energy slopes for a particular process, will be more crucial for these purposes. At small enough x < 10 −4 the curves of this ansatz will overshoot the unitarized curves (this may be seen by mentally extrapolating the lines in the plot to smaller values of x).
At large Q 2 both sets of curves converge because they are predominantly sampled in a region where they are identical. They also undershoot that data at the higher x end. For this high evolution scale there is presumably a significant contribution from the valence quarks at higher x which we have not included.
Discussion
The small-x dipole formulation of high energy processes is attractive in that the contributions from perturbative and non-perturbative regions become very clear. We have extrapolated the perturbative QCD formula for small dipoles into the non-perturbative regime, using the pion-proton cross section as a guide. For very small-x was necessary to tame the growth of the small dipole to avoid conflict with unitarity. We generalized Gribov's black/unitarity limit formulae for the structure functions to QCD where the interaction of sufficiently small dipoles with a target is small and describable in perturbative QCD at any x. In our ansatz, small dipoles are governed by the steeply rising gluon. In principle all high-energy processes contain perturbative and non-perturbative contributions, which rise quickly and slowly increasing energy, respectively. With the DCS specified the light-cone wavefunctions of the external particles pick out a given region in b according to their hardness. A reanalysis of fairly soft exclusive processes, (e.g. electroproduction of ρ-mesons, or DVCS) will be crucial in constraining the large dipole region further.
From a radically different point of view, we have arrived at a broadly similar picture to Donnachie and Landshoff's two Pomeron model [23] , with the soft Pomeron becoming of increasing less importance as the hardness of the process increases (commonly called 'higher twist'). The approximate scaling observed in α s xg in fig.(5) explains why a single power in energy will work fairly well for the hard piece. At the same time there are important differences, in our picture for intermediate b the power is different from either of the Pomeron powers of [23] and description of it by the sum of two powers is only approximate and looks rather artificial from the point of view of the dipole picture. Even more importantly, due to unitarity effects we expect a change of the power at higher energies making it closer to the soft Pomeron case (for example in J/ψ production).
So, where does this leave the conventional DGLAP analyses of inclusive structure functions which always produce qualitative good fits to the data ? In our opinion, the linear nature of the evolution equations mean that the global fits are almost guaranteed to work. When new data comes out it is always possible to fine tune the functional form of the input, and the many input parameters at the starting scale, to reproduce the slow logarithmic changes in Q 2 in F 2 . However, when the resulting quark and gluon densities produce apparent contradictions it is surely time to extend the conventional picture to include other (higher-twist) contributions. This is of course very far from straightforward in practice although some progress has been made [12, 24] . A good way to establish experimentally the important role of higher twist effects is to measure diffraction in the gluon channel and/or diffractive charm, beauty production in DIS (see [2] for discussion).
Conclusions
We have proposed a physically motivated ansatz for the dipole cross section (DCS) relevant to a wide range of small-x deep inelastic scattering processes.
The small dipole cross section is governed by the leading log gluon density at small x. Using this and the measured pion-proton cross section as a guide, we construct an ansatz for it in the non-perturbative region, below the input scale at which the input density for the gluon is defined. At very small values of x, as a result of the large and steeply rising gluon density, the DCS threatens to become larger at small perturbative b than the pion-proton cross section, in conflict with unitarity. To prevent this from happening we tame the rapid growth using a smooth ansatz that ensures a monotonically increasing function of b at fixed x.
The resultant DCS produces values for F L (x, Q 2 ) which are in good agreement with those from perturbative QCD in the large Q 2 and the high end of the small x region, where it would be expected to. Our DCS compares reasonably well with the small-x data on F 2 from HERA, without any further tuning of parameters. Interestingly, in the moderate Q 2 region a significant fraction of the cross section appears to be coming from the region of large non-perturbative dipoles. If the perturbative unitarity corrections are neglected our model would continue to grow very steeply in the very small x region. More detailed studies of the choices that we make for the precise form of the ansatz are being carried out and will be reported in a separate paper [15] . Although these clearly affect the results quantitatively to a certain extent, we are confident of the qualitative conclusion of the paper that unitarity corrections must set in within or near to the HERA kinematic region of small-x and moderate Q 2 (we estimate that the Q 2 < 10 GeV 2 will be affected at the smallest attainable values of x). This calls into question the use of the low, and x-independent, input scales used in the standard DGLAP fits [13, 18, 25, 26] (Q 2 0 ≈ 0.8 − 2.6 GeV 2 ).
